Understanding how vertebrates respond to hypoxia can have important clinical implications. Fish have evolved the ability to survive long exposure to low oxygen levels.
INTRODUCTION:
Hypoxia is important in both biomedical and environmental contexts and requires rapid adaptive changes in metabolic organization. Fish live and survive in environments with low and variable levels of oxygen. Unlike mammals, which have a limited capacity to withstand long exposure to hypoxia, fish have evolved various biochemical, physiological and behavioral adaptations, which enable them to survive with little oxygen. Several studies have investigated the adaptive response of fish to low oxygen levels. For example, it has been shown that in the hypoxia-tolerant goby fish, Gillichthys mirabilis, prolonged exposure to hypoxia (6 days) led to changes in gene expression (1) . Under hypoxic conditions, G. mirabilis showed a variety of responses to hypoxia, including a shutting down of major energy-requiring processes such as protein synthesis, locomotion and suppression of cell growth and proliferation. Hypoxia also induced the expression of liver genes needed for enhanced anaerobic ATP production of gluconeogenesis. These responses may represent an important adaptive strategy enabling G. mirabilis to survive under natural conditions of environmental hypoxia (1) . A similar study showed that zebrafish embryos are able to survive even in the total absence of oxygen (anoxia, 0% O 2 ) (2) . In this study, following twenty-four hours of 0% oxygen zebrafish embryonic development ceased and the embryos entered a state of suspended animation. Further analysis of the anoxia-exposed zebrafish embryos revealed that blastomeres were arrested during the S and G2 phases of the cell cycle (2) . However, the molecular basis of the zebrafish response to hypoxic stress has not been clarified. Understanding how hypoxia alters gene expression will likely contribute to our knowledge of how vertebrates in general respond to hypoxia and will illustrate the dynamic interactions between genes and environment. 4 To better understand how zebrafish respond to hypoxia at the gene level, we constructed a cDNA microarray containing 4,512 unique zebrafish genes identified from zebrafish embryonic (3-day-old) hearts, adult hearts and skeletal muscle cDNA libraries. We then used this microarray to examine the gene expression profile of zebrafish embryos exposed to 24 h of hypoxia during development. Our findings indicate that hypoxia induces changes in gene expression in the zebrafish and that these expression patterns are recovered upon re-exposure to a normoxic (20.8% O 2 ) environment. Our study utilizes microarray technology to reveal dynamic changes in levels of zebrafish gene expression in relation to development and survival of the zebrafish embryos in response to hypoxic stress.
MATERIALS AND METHODS: Fish Stocks and Hypoxia Exposures
Zebrafish were obtained from a local pet store, raised and handled according to standard methods. Adult fish were kept at 28 0 C on a 14-h light/dark cycle. Zebrafish embryos were staged and sorted according to Kimmel et al. (3) . For hypoxic time-course experiments, 48 hpf zebrafish embryos were exposed to 5% oxygen for the last 24 h (HYPO) using the Oxygen Controller (Coy Laboratory Products Inc). Embryos were incubated in the hypoxic chamber at 28 0 C for 24 h and then were quickly removed and stored in liquid nitrogen for RNA extractions.
For post-hypoxia experiments, 24 hpf embryos were first subjected to hypoxia for 24 h then exposed to normoxic environment for an additional 5 h (POST-HYPO). At least 50 embryos were allowed to recover in normoxic environment and were raised to 3 days old. The remainder were collected and stored in liquid nitrogen following 5 h of exposure to a normoxic environment. At least three independent batches of embryos were collected for each experiment.
cDNA Microarray Constructions
Microarray slides were produced as previously described (4) . A 4,512 unique element zebrafish cDNA microarray was constructed. The array consisted of PCR amplicons generated from zebrafish embryonic heart (3-day) (5), adult heart and adult skeletal muscle cDNA libraries (6) . To date we have generated more than 11,000 ESTs from these three cDNA libraries. The
ESTs have been processed with the TIGR Assembler to establish a non-redundant set of ESTs. PCR products produced from our previously isolated and sequenced bacteriophage stock were used as the DNA substrate for the array. Approximately 30-5 g of PCR product was produced per 50 L reaction for each cDNA clone in a 96-well plate format. PCR products were purified using a standard ethanol precipitation procedure. Prior to spotting, the PCR products were resuspended in 25 L of 3X saline sodium citrate (SSC) (final concentration of 150-175ng/ L) overnight.
PCR products were spotted onto Corning CMT GAPS microarray slides using an
Affymetrix 417 X-Y-Z robotic arrayer (Santa Clara, CA) currently available in our facility.
Approximately 7.5 pg of PCR product was spotted onto the array to generate each spot (~50 pL/spot of 150-175ng/ L PCR product). Following spotting, the arrays were moistened over a hot water bath, snap dried, and the DNA was covalently cross-linked to the slide using ultraviolet 6 irradiation. Blocking of the arrays was done by soaking each slide in a solution containing 1%
(w/v) bovine serum albumin for 30 minutes at 50 C. DNA on the array was denatured by placing the array in a 95°C water bath for 3 minutes followed by snap cooling in an ice-cold 95% ethanol bath. Slides were then dried in a slide rack by centrifugation at 1000 rpm for 2 minutes and were stored in the dark at 25°C.
For quality control, 1 slide from each batch of 42 was checked for DNA spot quality.
This was done by soaking the slides in a solution of diluted SYBER GREEN II DNA stain (Molecular Probes). SYBER GREEN II is an intercalating dye that binds specifically to single stranded DNA.
cDNA Microarray Experiments
We examined 5 time points: normal 24 hpf embryos, HYPO (48 hpf embryos were exposed to 5% oxygen for the last 24 h), POST-HYPO (53 hpf embryos that were hypoxiatreated as described then exposed to normoxia for an additional 5 h), normal untreated 29 hpf and 48 hpf embryos. Each experiment was done 3 times, representing a total of 15 slides. Total RNA was extracted from control, tested embryos and reference (12 hpf) using Trizol reagent (Gibco BRL-Life Technologies Inc.). Labeling and hybridization were performed as previously described (6 Thymus DNA (10 g)). The labeled target mixture was then denatured and hybridized to slides overnight at 37 0 C. After hybridization, the slides were washed in 2X SSC for 1 minute followed by three washes of 2X SSC/0.1%SDS for 15 minutes each at 50 0 C. Slides were then rinsed in 2X SSC followed by a one-minute spin at 1000 rpm to remove excess fluid. The slides were scanned using an Affymetrix 418 Array Scanner at 635nm (Cy5) then at 532nm (Cy3) and fluorescent intensities were quantified using ScanAlyze 2.44 microarray image analysis software (7) (Michael Eissen, Stanford University, CA).
cDNA Microarray Data Processing
Local background was subtracted from the fluorescent value of each spot to obtain a net value. Spots whose net fluorescent value did not exceed the mean value obtained from the 192 bacteria control spots were excluded. To account for incomplete hybridization on each spot, we included in our analysis only those spots in which at least 50% of pixels displayed fluorescence at least 1.5 times greater than local background in all experiments. All subsequent analysis was done with the software program GeneSpring (version 3.2.2; Silicon Genetics) as previously described (8) . The fluorescence units of each spot represented more than once on each slide were averaged and the ratio was then taken of the signal (tested sample): reference. The three slides representing three different RNA pools for each experiment were grouped together and treated as replicates. To identify hypoxia-induced genes, data were normalized against control (24 hpf embryos). Variations among experiments were normalized by normalizing the ratios (tested: control) from each replicate experiment to 1.0. A Student's t test was performed to calculate whether the mean relative intensity for a gene was statistically different from 1.0 (8).
We used control-only comparisons (24 hpf) to determine the cutoff values for up-or downregulated genes. Three control experiments were done and the standard deviation for more than 8 4,500 genes on the array from each experiment was 0.19, 0.22 and 0.21, respectively. The average standard deviation from the three experiments was 0.2. On the basis of this, we chose >1.6 as the cutoff value for up-regulated genes and <0.6 for down-regulated genes. We believe that 3 SD is a conservative criterion for gene selection. Genes were considered differentially expressed if they were present in at least 2 of three replicate experiments and were statistically significantly different (p < 0.05) from the controls (i.e., 24 hpf).
Verification of Gene Expression Using Quantitative Real-Time RT-PCR
To confirm the expression patterns of a few candidate genes, we used quantitative RT- 
RESULTS: Microarray Construction
Differential gene expression analyses using cDNA microarrays have been applied to model organisms such as the yeast Saccharomyces cerevisiae (9) , D. melanogaster (10), the mouse (11) and the rat (12) . To date, however cDNA microarrays have not been developed for the zebrafish and there is an urgent need for the development and application of this technology to fully exploit the zebrafish on a genomic scale. Our preliminary pilot microarrays were constructed with 1,326 unique ESTs identified from our 3-day-old zebrafish embryonic heart cDNA library (5). Our initial experiments used poly-L-lysine coated slides from SIGMA. In subsequent experiments, we spotted cDNA onto amino-silane coated slides from Corning.
Although the hybridizations from both slides were successful, the amino-silane coated slides gave superior signals and fewer background signals. In order to give a better representation of clones on our microarray, we constructed two more cDNA libraries from zebrafish adult heart and skeletal muscle. To prepare the second generation zebrafish cDNA microarray, we printed 4,512 unique cDNAs including 2,371 known genes, 624 ESTs and 1,517 novel ESTs from 3 different cDNA libraries: embryonic heart, adult heart and skeletal muscle; 192 bacteria PCR amplicons were also included on the array as controls for labeling, hybridization and fluorescent background (6) . It is likely that this set of 4,512 ESTs contains redundancy. One of the disadvantages of generating sequence clusters through nucleotide sequence comparisons is that several clusters of a single gene transcript can be formed, mainly as a result of long transcripts and alternative splicing (13) .
Hypoxia Exposure
In this study we examined how embryonic zebrafish gene expression pattern changes under 24-hour hypoxia by assaying whole embryos at 4 different time points: HYPO (48 hpf embryos were exposed to 5% oxygen for the last 24 h), POST-HYPO (53 hpf embryos that were hypoxia-treated as described then exposed to normoxia for an additional 5 h), normal untreated 29 hpf and 48 hpf relative to 24 hpf. The ability of the zebrafish embryo to survive in an anoxic (0% O 2 ) environment has recently been documented: in anoxia the embryos enter a state of suspended animation and development stops (2) . For the purposes of our study, it was necessary to establish a critical level of oxygen tension (pO 2 ) low enough to induce hypoxia but sufficient to ensure the embryos' survival. We chose a pO 2 of 5%, a level of hypoxic stress that is tolerated by 24 hpf embryos for 24 h. We noted that tolerance to hypoxia in zebrafish is affected by developmental stage. We found that zebrafish embryos 24 hpf and younger were capable of surviving for 24hrs at 5% oxygen and we observed that during this period, embryonic development stopped (Figure 1 ). In order to show at the gene level that hypoxia-treated embryos are developmentally arrested, we included expression data from normal 48 hpf embryos in our analysis ( Figure 2 ). As embryos get older, they become very sensitive to hypoxic stress. Upon re-exposure to normoxic environment, the embryos continued to develop normally. As a control experiment, we monitored 50 embryos from each hypoxia experiment for an additional 3 days.
These embryos developed normally, were able to swim and were indistinguishable from fish raised under normal conditions. The ability of zebrafish embryos to survive, recover and develop normally after exposure to hypoxia has also been documented by Padilla and Roth (2).
Microarray Data Analysis
For the microarray experiments, reference RNA taken from 12 hpf embryos was used as the Cy3-labeled reference sample and RNA from other time points was labeled with Cy5. Data was normalized against control 24 hpf embryos. By 24 hpf, the body plan of the zebrafish embryo is well established and the heart and musculature structures can easily be seen under the microscope. By 48 hpf most of the internal organs are developed, including the cardiovascular system, gut, liver and kidney. From our previous analysis of gene expression of the zebrafish during embryonic development (6), we estimate that 90-95% of genes on the array are expressed at 24 hpf. To control for variation among experiments, RNA from more than 3 independent batches of embryos at each time point was collected. In order to show that hypoxia-treated embryos are developmentally arrested both at the morphological and the gene levels, we included data from normal 48 hpf embryos in the clustering analysis. Our preliminary analysis of gene expression in zebrafish exposed to hypoxia was done with the first generation zebrafish microarray (1,326 ESTs from the 3-day zebrafish embryonic hearts cDNA library). For this pilot validation study, RNA from treated 60 hpf embryos (36 hpf embryos exposed to 5% oxygen for the last 24 h) was labeled with Cy5 and compared against Cy3-labeled control RNA (normal 36 hpf embryos). A total of 44 differentially expressed genes were identified. We observed changes in gene expression that correlate to known hypoxia responses in other organisms. These include the induction of glycolytic enzyme genes and the suppression of genes encoding for contractile, structural and metabolic proteins. This validation pilot study encouraged us to test our hypothesis on a larger scale using a second-generation zebrafish microarray. A total of 33 out of 44 genes (75%) were identified in this study. Genes that were not identified included different isoforms of collagens and keratins, possibly because older embryos (36 hpf) were used in the pilot experiment.
In this study we identified a total of 138 hypoxia responsive genes ( Figure 2 ). To analyze and interpret the data, we clustered differentially expressed genes according to their temporal expression patterns, using a hierarchical clustering program (6). 
Quantitative Real-time RT-PCR Analysis
We used real-time RT-PCR to confirm the changes in mRNA levels that were identified for a few selected genes during exposure to hypoxia. Primers were designed for hypoxia inducible factor alpha, lactate dehydrogenase, calcium ATPase, creatine kinase 3, cytochrome C subunit 1, NADA dehydrogenase subunit 4L, erythropoietin, globin bA1, skeletal muscle myosin light chain 3 and parvalbumin beta. Figure 4 shows that changes in mRNA levels are consistent with the microarray data. However, microarray data tended to under-represent the change relative to real-time RT-PCR. Changes of 2-fold (skeletal myosin light chain 3) to 2.5-fold (parvalbumin beta) during post-hypoxia were detected with real-time RT-PCR, whereas changes detected by microarray hybridization were approximately 1.5 to 2-fold for myosin light chain 3 and parvalbumin beta respectively.
DISCUSSION:
Zebrafish embryos can survive for 24 h in the absence of oxygen (anoxia, 0% O 2 ).
Padilla and Roth (2) showed that in such an anoxic environment, zebrafish enter a state of suspended animation in which cell division stops and developmental progression ceases. In this study we assayed whole zebrafish embryos at 4 different time points (HYPO, POST-HYPO, 29
hpf and 48 hpf) in order to examine how embryonic zebrafish gene expression patterns change when exposed to 24hrs of hypoxia. Our study illustrates the gene-level adaptive mechanisms of A measure of the reliability of our experiments was that we showed the induction of hypoxia-inducible factor alpha (HIF-alpha). Hypoxia-triggered HIF-1 alpha increases are known to up-regulate the expression of a number of genes involved in alternative metabolic pathways that do not require oxygen (glycolysis) (15) . HIF-1 alpha also plays a role in development and is regarded as a master regulator of cellular and developmental oxygen homeostasis (16) .
In the face of falling oxygen supplies, fish respond first by reducing energy metabolism and later by increasing energy supplies from anaerobic sources (16) (17) (18) (19) . In humans and other air- One of the most important defense mechanisms against hypoxia in animals is the downregulation of energy consumption (23) . In our study we showed that hypoxia triggered a strong coordinated down-regulation of genes encoding for contractile, extracellular matrix and cytoskeletal proteins ( Figure 3B ). Since cell structure and motility proteins are highly abundant proteins, reducing their expression during hypoxia may represent an important energy-saving strategy. Strong down-regulation of other proteins involved in muscle contraction, such as parvalbumin, was also detected. Parvalbumin is a muscle calcium binding protein that plays an important role in the contraction-relaxation cycle of fish skeletal muscles (24) . Consistent with the decrease in muscle contraction and metabolism, muscle creatine kinase mRNA levels decline during hypoxia ( Figure 3B ), suggesting that the demand for phosphocreatine falls (1).
Other mechanisms to reduce energy costs include the suppression of ion channel densities and/or channel leak activities to lower the energy costs of ion-balancing ATPases (25) .
Suppression in expression of channel ATPases was detected during hypoxia ( Figure 3C ). This 'channel arrest' phenomenon has also been reported in a hypoxia-tolerant turtle (26) . Hypoxiainduced reduction in membrane permeability helps to ensure cell survival by maintaining cell membrane potential and, in particular, by controlling ion influxes between cellular compartments and the external environment (26) .
We also observed a strong repression of genes encoding for elements of the protein translation machinery, such as ribosomal proteins and translation initiation ( Figure 3D ). A similar observation was made in G. mirabilis in hypoxic conditions (1) . Protein synthesis is energy costly; it is the only energy-requiring process that is more costly than ion pumping ATPase activity (27) . Thus, turning protein synthesis rates down to minimal levels may represent an important adaptive strategy for survival under hypoxia. In principle, hypoxia-induced repression of protein synthesis could occur at the level of gene transcription or translation (23).
Although we do not clearly understand the mechanisms of hypoxia-induced repression of protein synthesis in animal models, hypoxia-induced suppression of protein synthesis in plants is known to be mediated by a translational block affecting both initiation and elongation (23) . It has been
shown that hypoxia-induced translational arrest results from the failure of elongation factor 1 alpha (EF-1 alpha) to dissociate from ribosomes during the elongation cycle (28) . Other genes encoding for proteins involved in energy metabolism, such as components of the electron transport chain, were also down-regulated during hypoxia. The suppression of ion pumping activity and the decline in protein synthesis should account for the bulk of energy savings and may be necessary for a long-term hypoxia survival strategy.
Of interest, we observed the repression of several genes involved in cell division such as cyclin G1 and proliferating cell nuclear antigen ( Figure 3E ). This is consistent with earlier observations that hypoxic zebrafish embryos are developmentally arrested and that in anoxia zebrafish cells arrest in the S and G2 phases of the cell cycle (2). We also detected the induction of a number of genes involved in cellular defense ( Figure 3F ). For example, we observed elevated expressions of chaperone proteins such as heat shock proteins 70 and 30. It is known that heat shock proteins are rapidly induced by such stresses as mechanical stretch, hypothermia and hypoxia (29) . Previous studies have demonstrated ischemia-induced HSP70 gene expression in tissues of intact animals (30) and in cultured cells (31) . Heat shock protein 70 functions as a chaperone and is also known to protect cells against apoptosis (32) . A strong induction of the stress inducible immunoglobulin binding protein BiP was also observed. BiP is an important component of the endoplasmic reticulum stress response of cells and is involved in protein translocation, folding and degradation (33) . Its expression is markedly induced in ischemic neurons (34) and its functions are essential to cell viability (33) . In addition, two genes encoding for DNA repair, RAD52 and DNA mismatch repair MSH6, were also induced. Acute hypoxia has been shown to induce DNA strand breaks (35) and an increase in the number of DNA strand breaks has also been reported in fish under hypoxic conditions (36) . Thus the expression of these genes may serve a protective role against cell ischemic injury under exposure to hypoxia.
Unexpectedly, hypoxia did not result in upregulation of genes encoding for erythropoietin and globins ( Figure 3G ). Hemoglobin-oxygen affinity is known to increase in fish during hypoxia in order that hemoglobin saturation can be maintained under conditions of falling blood oxygen levels (37) . Red blood cell production can also be increased during hypoxia in mammals, and is stimulated by the hormone, erythropoietin (38) (39) . A possible explanation for the lack of hypoxia-induced erythropoietin and globin up-regulation this study is that zebrafish embryos at 24 hpf do not require blood flow for survival: oxygen uptake can be achieved through diffusion (40) . In addition, suppression of protein synthesis represents the greatest protection against, and hence advantage for survival in, hypoxia.
We detected the suppression of a number of intracellular transducers such as small GTPbinding proteins during hypoxia ( Figure 3H ). Rab proteins exist in all eukaryotic cells and they are known to regulate intracellular vesicle trafficking (41) . Ran is another member of the small GTP protein family known to regulate nucleocytoplasmic transport and microtubule organization during cell cycle (42) . Ran is cyclically activated and inactivated by the GTP-Ran binding protein 1 (RanBP1) (43) . These small G proteins are required for various cell functions such as establishment of cell polarity, cytokinesis and cell motility (for review, see Takai et al) (44) . The down-regulation of these proteins during hypoxia indicates the repression of cell signaling/communication, and their co-ordinated down-regulation may be related to the suppression of cell growth and proliferation under hypoxia.
The ability of zebrafish to recover from anoxia has been reported (2); however the molecular mechanisms of how zebrafish respond to and recover from hypoxia are unclear. Our expression profile reveals that hypoxia induces changes in gene expression and that these patterns revert to normal upon re-exposure to normoxia. For example, Hif-1 alpha and enzymes of the glycolytic pathway are up-regulated during hypoxia: their expression declines at normal oxygen levels ( Figure 3A) . Similarly, many genes encoding for contractile, cytoskeletal, and ribosomes proteins decreased expression under hypoxia but partially recovered upon re-exposure to normoxia (Figures 3B, D) . Compared with the normal 29 hpf embryos, the expression patterns of the post-hypoxic embryos are lower because these zebrafish embryos are still in a recovery phase. Pamela and Roth (2) reported that when zebrafish embryos were exposed to anoxia for more than 19 h, approximately 6 h of exposure to air was required for the animals' heart rates to return to normal. Anoxia induced suppression of protein synthesis and recovery has also been observed in hypoxia-tolerant turtles (27) .
Real-time RT-PCR is a useful method for validating microarray data. Overall, real-time RT-PCR confirmed the regulation of the ten selected genes. However, differences were seen in the magnitude of expression differences between microarray and real-time PCR data.
Microarrays tend to have a low dynamic range, which can lead to under-representations of fold changes in gene expression (45) (46) (47) . This might arise either from overestimating the noninduced genes due to nonspecific hybridization, or from underestimating the level of induction due to target saturation effects (48) . As RT-PCR has a greater dynamic range, it is often used to validate the observed trends rather than duplicate the fold changes obtained by microarray experiments (49-50).
Our study provides a global view of gene expression patterns in the zebrafish embryo in response to hypoxic stress. In addition, by identifying zebrafish genes and groups of genes known to function together in pathways induced by hypoxia, we are able to demonstrate the power of microarray technology to study gene expression on a global scale. The coordinated changes in gene expression that we observed are consistent with findings in other model systems.
The data presented in this study help to clarify some of the adaptive mechanisms by which the zebrafish responds to and recovers from hypoxia. Our data show that under hypoxia, zebrafish embryos undergo wide scale changes in gene expression, including a series of hypoxia-defense processes. One such defense is a drastic suppression of ATP demand, including shutting down costly energy processes such as protein synthesis, cell division and ion pumping activity.
Another physiological hypoxia-defense strategy involves reorganizing metabolic pathways by switching from aerobic oxidation to the glycolytic pathway. A further defense occurs concurrently, as cellular stress responses are induced which may serve a protective role against ischemic injury during hypoxia. Upon re-exposure to normoxia, these hypoxia-induced gene expression patterns are reversed.
We believe that we have clearly shown how gene expression patterns in the zebrafish change in response to hypoxia. However it is difficult to determine which changes are the direct Figure 1 . Zebrafish embryos arrested when exposed to 5% oxygen. Zebrafish embryos at 24 hpf were collected and exposed to either a normoxic environment (20.8% oxygen) or hypoxia (5% oxygen). Upper left: 24 hpf zebrafish embryos were exposed to normoxic environment (20.8% oxygen) (Normoxia). Upper right: 48 hpf zebrafish embryos were exposed to normoxia environment. Lower left: 48 hpf zebrafish embryos were exposed to hypoxia (5% oxygen) for the last 24 h (Hypoxia). Lower right: 53 hpf embryos that were hypoxia-treated then exposed to normoxia for an additional 5 h (Post-Hypoxia). 
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